Cadmium (Cd) has become one of the most harmful and widespread pollutants in water and soils caused by industrial emissions, the application of Cd-containing phosphate fertilizers, and municipal waste disposal [1] . It can easily be absorbed and accumulated in plant roots, and roots are the first organ in which plants contact this element in Cd-polluted soil [2] . The toxicity of Cd is associated with inhibitory interactions between numerous physiological and metabolic processes, such as interference in mitosis [3] [4] , toxicity to nucleoli structure [5] [6] [7] , and influence on the organization of microtubular cytoskeleton and tubulin assembly/disassembly processes [7] . To prevent an excess of heavy metals in the metabolically active cytoplasm and organelles, the defence mechanisms come into operation, allowing for detoxification of harmful metal levels at the cellular level, including Cd exclusion, binding, and precipitation in the Pol. J. Environ. Stud. Vol. 27, No. 2 (2018), 939-945 
cell wall and/or compartmentalization in vacuoles [8] [9] [10] [11] . Although there are some reports indicating that root tips play a major role in heavy metal perception and response [3, 12] , the mechanism concerning plant root growth inhibition is still poorly understand.
Microtubules (MTs) -a key component of the eukaryotic cytoskeleton -play a central role in diverse activities such as cell division, cell expansion, cell differentiation, cytoplasmic organization, and intracellular motility [3] [4] . The movement of chromosome and vesicle transport in secretion, prediction of the alignment of the cell plate, and orientation of the cellulose wall microfibrils are, to varying degrees, mediated by MTs [4] . Cytoplasmic MTs can change their orientation in response to various external and internal stimuli [3] [4] 13] . The destroyed MTs could not complete the cell cycle, meaning that chromosomes could not divide properly, leading to chromosome aberration. The hypersensitivity of the MT cytoskeleton might be a useful and simple parameter for estimating environmental stress intensity [3] [4] 14] .
Plants have evolved a large heterogeneity in the number of α-and β-tubulins genes, and different plants possess diverse sets of such genes [15] [16] . Current knowledge indicates that plants can draw on a wide repertoire of genes for α-and β-subunits [17] . It is clear that the expression of some tubulin genes is likely related to precise functions. For example, the pollen-specific tubulin TUA1 of Picea wilsonii, when expressed in Arabidopsis, induces a high germination rate and increases the pollen tube growth rate [18] . In Populus, some α-genes (such as TUA1 and TUA5) are highly expressed in woody tissues under conditions of increased cellulose synthesis [19] . During maize root development, four α-tubulin and six β-tubulin isoforms were identified, the α1 and α4 isoforms predominate in dividing tissues (such as the root apex) while the α2, α3, and α4 isoforms are more abundant in mature tissues (differentiated roots). Sui et al. [20] investigated that eight members in α-tubulin family in S. matsudana. The tubulins are evolutionarily conserved and highly dynamic processes, therefore it is very likely that they play crucial functions in the eukaryotic cells [16] .
Willow, a fast-growing woody plant developing an extensive root system and large biomass, has strong resistance to heavy metals and is not linked to the food chain [21] [22] [23] . It effectively absorbs heavy metal ions from polluted water or soil, and as a result it is widely cultivated and used for phytoremediation of heavy metalcontaminated land [24] [25] [26] . Among the different willow species, commonly cultivated Salix matsudana Koidz. is a deciduous fast-growing tree native to China [2, 27] . Some studies concerned with its physiological and biochemical responses under Cd stress were reported, indicating that a few clones of S. matsudana have high heavy metal tolerance [2, 23, [28] [29] . However, no studies on toxic effects of Cd on the microtubule organization in the root tips of S. matsudana have been reported. With the aim of contributing to understanding the mechanisms of Cd-induced cell toxicity, the effects of Cd on the microtubule organization in root tip cells of S. matsudana was investigated using tubulin immunolabeling and fluorescence microscopy. Cell damage and TUA gene in the root tips were also examined by means of propidium iodide (PI) staining and quantitative real-time PCR (qRT-PCR) technology in the present investigation.
Material and Methods

Plant Cultivation and Growth Conditions
Plant materials were propagated from branches of the same adult mother plants, one clone of S. matsudana. Cuttings of the same size (20 24 , and 10 μmol/L Fe-EDTA at pH 5.5. After the roots were about 1 cm, they were divided into four groups, and three of these groups were stressed with different concentrations of Cd (10, 50, and 100 μmol/L). Cd was provided as Cd(NO 3 ) 2 . Cd solutions were prepared in deionized water and were added to full-strength Hoagland's nutrient solution. Full-strength Hoagland's solution without Cd was used for control plants. The plants treated with different concentrations of Cd were maintained under natural light conditions, 25±1ºC, 50±1% relative humidity, and a 12-h day/night regime in an air-conditioned greenhouse. The nutrient solutions were aerated continuously.
PI staining
To observe the cell damage in root tip cells of S. matsudana induced by Cd, 10 intact root tips exposed to different concentrations of Cd (0, 10, 50, and 100 μmol/L) for 1, 3, 6, 9, 12, and 24 h were stained with PI in darkness at room temperature and then washed three times (3×10 min) with the sodium phosphate buffer (PBS), according to the methods from Shi et al. (2016) . The specimens were examined with a confocal laser scanning microscope (ECLIPSE 90i, Nikon Corporation, Tokyo, Japan) with excitation maximum at 535 nm and fluorescence emission maximum at 617 nm. The fluorescence density was calculated using the "analyze and measure" function of the Image J software (NIH, Bethesda, MD, USA) from 10 intact root tips of S. matsudana woody cuttings -each treatment group under Cd stress.
Immunofluorescence Staining
Healthy and equal-sized S. matsudana specimens were selected for cytological study. When they measured approximately 0.6 cm in length, the roots were treated with Cd solutions of different concentrations (10, 50 , and 100 μmol/L) for 24, 48, 72, and 96 h. Meristematic zones of 10 root tips from control and the Cd-treated batches were cut and fixed with 4% (w/v) paraformaldehyde in PBS (pH 7.0) for 1.5 h in darkness at room temperature, and then washed with the same buffer three times (3×10 min). Meristematic cells were digested for 50 min with a mixture of 2.5% cellulose and 2.5% pectolase at 37ºC and then washed in PBS three times. They were squashed on slides and extracted in freshly prepared 1% (v/v) Triton X-100 in PBS for 20 min until the slides dried. Then the cells were rinsed in PBS and incubated with the mouse monoclonal anti-α-tubulin antibody (Sigma T-9026) diluted at 1/50 in a moist airtight container for 1 h at 37ºC. After three washes in PBS for 10 min each, cells were incubated in secondary fluorescein isothiocyanate (FITC) sheep anti-mouse antibody (Sigma F-0257) diluted at 1:50, and the cells were incubated in the dark for 45 min at 37ºC. Repeated washing in PBS, nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI, Sigma) at a final concentration of 1 μg per 1 mL for 15 min at room temperature. After washing (3×10 min) in PBS, the cells were mounted in antifade mounting medium. The slides were stored at 4ºC in the dark until observed. The immunofluorescent specimens were examined with a Nikon ECLIPSE 90i confocal laser scanning microscope. An exciter at 408 nm and a barrier at 515/30 nm as well as an exciter at 488 nm and a barrier at 590/50 nm were used for DAPI and FITC staining, respectively. Image recording was done with proper software (EZ-C1 3.80) according to the manufacturer's instructions. Images were processed with Image-Pro Plus 6.0 and Photoshop 7.0.
qRT-PCR Analysis of S. matsudana α-tubulin 1 (SmTUA1) in Roots
The root meristem zone of control and treatment groups exposed to 10, 50, and 100 μmol/L of Cd for 24, 48, and 72 h were used for gene expression analysis of SmTAU1. Meristematic zones of 10 root tips from the control and the Cd-treated batches were cut and washed with deionized water. Total RNA was extracted using the easy spin Plant RNA Extraction Kit (Aidlab, China), and cDNA was reverse-transcripted using First-Strand Synthesis SuperMix (TransScript, China) according to the manufacturer's instructions. RNA integrity was verified by running agarose gel electrophoresis and detecting the three bands corresponding to ribosomal RNA 25S, 18S, and 5S. The extracted RNA was quantified with a NanoDrop 200ºC Spectrophotometer (Biochrom, England) and stored at -80ºC. Each treatment was replicated twice.
Every cDNA template for the qRT-PCR reaction with 7500 Real-Time PCR (Applied Biosystems, USA) was measured using a SYBR Select Master Mix (Applied Biosystems, USA). The program used for qRT-PCR was as follows: UDG activation at 50ºC for 2 min, Amplitaq fast DNA polymerase, up activation at 95ºC for 2 min, followed by 40 cycles of denaturation at 95ºC for 15 sec and annealing/extension at 50ºC for 1 min.
The gene-specific forward and reverse primers and cDNA template were added to the SYBR Select Master Mix. Primers for the genes were designed by Primer 5.0 with gene sequences from GenBank in NCBI. The Populus trichocarpa nicotinamide adenine dinucleotide phosphate (NADPAH) gene was used as a reference gene. Primers designed for the SmTUA1 gene are detailed in Table 1 . Real-time PCR experiments were conducted on the two biological replicates, with three technical replicates for each sample. Melting curves were used to assess amplification specificity. The relative quantities of the transcripts were analyzed using the comparative Ct method [38] .
Statistical Analysis
Analysis of variance of the data was performed by using SPSS 15.0 version for Windows. For statistical analysis, one-way analysis of variance (ANOVA), and t-test were used to determine significance at P<0.05.
Results
Effects of Cd on Root Growth
The effects of Cd on the root growth of S. matsudana varied with different treatment times (Fig. 1) . Compared with control, Cd had a stimulation effect at 10 μmol/L Cd and had no toxic effect at 50 μmol/L Cd during the whole treatment process. At 100 μmol/L Cd treatment, root length was inhibited significantly after 48 and 72 h of Cd stress (P<0.05). 
Effects of Cd on Cell Damage
To visualize the damaged root tip cells induced by Cd, the root tip cells of S. matsudana exposed to 10, 50, and 100 μmol/L Cd for 0, 1, 3, 6, 12, and 24 h were stained with PI. Red fluorescence was an indicator of cell damage as PI entered cells. The toxic effects of Cd on cell damage in root tips of S. matsudana varied with the different Cd concentrations and treatment times (Fig. 2) . Very weak fluorescence was observed in control root tip cells (Figs 2A1-A3), suggesting there was nearly no cell damage in root tips during the plant growth period without Cd treatment. A low level of fluorescence intensity was observed in the cells stressed for 3 h at 10 μmol/L Cd, indicating that Cd could induce cell damage as early as 3 h at 10 μmol/L Cd exposure (Fig. 2C1) . Fluorescence intensity was more pronounced with prolonged exposure (Figs 2C1-F1 ). When S. matsudana were treated with 50 and 100 μmol/L Cd, the fluorescence intensity of the root tips became more intense ( Figs 2C2-F3) , especially in the apical meristem of 50 and 100 μmol/L Cd-treated root tips for 24 h (Figs 2F2, F3) . Data from the fluorescence density analysis by Image J software could confirm the findings (Fig. 3) . The cell damage increased significantly with enhanced Cd concentrations and prolonged treatment times (P<0.05).
MT Arrays in the Cell Cycle of Control Root
Meristem Cell
The S. matsudana root meristem cells of the control group have a normal cell cycle, and typical MTs arrayed in each mitotic period were clearly found, indicating that the MTs were well labeled in these cells (Fig. 4) . Periplasmic MTs during interphase of normal meristematic cells were abundant, dense, parallel to each other, and oriented perpendicular to the longitudinal axis of cell expansion (Fig. 4A1) . In preprophase cells, the nuclear envelope remained intact, and MT gradually gathered to the equatorial plate and formed a girdle-shaped preprophase band around the nucleus, which was very bright and easy to observe under a confocal laser scanning microscope, and was a significant sign of the cell into the prophase of mitosis (Fig. 4B1) . In the metaphase cells, MT filaments were arranged neatly on both sides of the equatorial plate to form spindle and phragmoplast (Fig. 4C1) . The spindle MTs were linked to the centromeres of chromosomes and segregated the sister chromatids to the opposite poles (Figs 4D1-D3) . In anaphase/telophase cells, the spindle MTs disappeared, and the phragmoplast MTs were assembled in both sides of the developing cell plate parallel to the equator plate, expanded until it contacted the parent cell walls (Figs 4E1-E3 ).
Effects of Cd Stress on Interphase MT Arrays in Root Meristem Cells
The MT arrays were very sensitive to Cd, and their sensitivity depends on the Cd concentration and the duration of treatment. At 10 μmol/L Cd treatment for 24 h, the peripheral MTs appeared to have a slight bend, and most of the MTs were oriented perpendicular to the longitudinal axis of the cell (Fig. 5A1) . With treatment time prolonged to 48 h, the cortical MTs appeared to have obvious alterations, and most of the MTs were no longer arranged in a parallel direction, orderly, and appeared a few fragments (Figs 5B1, C1) . At 50 μmol/L Cd for 48 h, more cortical MTs were discontinuous, inducing numbers of differently sized fragments at the cell periphery ( Figs 5D1-D3) . A large number of peripheral MTs appeared to be broken, and the degree of disorder was enhanced after 100 μmol/L Cd treatment for 48 h (Figs 5E1-E3 ). Effects of Cd on cellular MT array integrity could damage cells and even induce cell death. The proportion of abnormal MTs increased with increasing Cd concentration and prolonged exposure.
Effects of Cd Stress on Mitotic MT Arrays in Root Meristematic Cells
Cd stress affected mitotic spindle MT arrays in S. matsudana root meristem cells obviously by immunofluorescence labeling (Fig. 6) . In the present investigation, MT arrangement was found to be closely related to chromosomal aberrations during mitosis under Cd stress. In some cells exposed to 10 µmol/L Cd for 24 h, mitotic spindle MTs lost their organization and were randomly oriented and scattered in cells (Figs 6A1, A3) and sister chromatids could not be moved to the cell poles, resulting in the formation of c-mitosis (Figs 6A2, A3). We also found that chromosomes at metaphase could be normally distributed in the central part of the cell (Fig. 6B2) under Cd stress, spindle fibers were orderly arranged on the equatorial plate on both sides, but formed fragments slightly even condensed MT (Figs 6B1, B3 ). With treatment time prolonged to 48 h at 10 µmol/L Cd, mitotic metaphase spindle MT became more and more condensed, even emerged adhesion phenomenon among MTs (Figs 6C1, C3) . During anaphase/telophase, there was a small part of MT absent, and MT fibers were stuck to each other, even forming lumps in the cells under 10 µmol/L Cd for 48 h (Figs 6D1, D3 ). Phragmoplast could not be formed due to damage of the mitotic spindle MTs in telophase cells treated with 50 µmol/L Cd after 48 h (Figs 6E1, E3) , which affected the formation of daughter cells.
qRT-PCR Analysis Results of SmTUA1
The results of qRT-PCR were shown in Fig. 7 . The relative expression level of SmTUA1 in S. matsudana root meristem zone varied with different Cd concentrations and treatment times. 10 µmol/L Cd had a slightly toxic effect on the relative expression level of TUA1 during the whole treatment when compared with that in control. There was significant inhibitory effect on the relative 
Discussion
Cd was one of the most common soil-heavy metal pollutants, which were highly toxic to animals and humans. S. matsudana, with high biomass and strong characteristics of the Cd tolerance, could be used in phytoremediation of heavy metal-contaminated soil [23] . Plant roots were the most sensitive organ to environmental stresses. Root apical meristems played a key role in the immediate reaction to stress factors by activating signal cascades to the other plant organs. Therefore, understanding cell toxicity mechanisms of Cd on woody plant root tip cells and their consequences on cell activity and MT cytoskeleton, as performed in the present investigation, were very important for using S. matsudana in the practical application of phytoremediation.
PI staining agent could be used to detect cell damage in plants caused by environmental stress [4] . PI is a very active phenanthridines agent and can pass through the cell wall, but not through the cell membrane. PI can be directly inserted into double-stranded nucleic acid bases to form PIdouble stranded nucleic acid fluorescent compounds that can emit red fluorescence. Therefore, PI can easily enter the dead cells and combine with nuclear DNA molecules, which is an alternative agent for studying cell membrane damage [30] . Here, we can confirm that Cd has a toxic effect on cell membrane damage in the root tip cells of S. matsudana using PI staining. Wang et al. [31] had found that significant red fluorescence in the root cells of barley stressed by heavy metal Cu was produced by means of PI, and the red fluorescence intensity was enhanced with the extension of treatment time. Shi et al. [4] also observed that the effects of Cd stress on barley were significant, and the damage and apoptosis of the barley root increased with the extension of treatment time by the PI staining method. These were consistent with the staining results in root tips of S. matsudana in this experiment. Therefore, Cd, Cu, and other heavy metals could affect the plants and accelerate cell damage and apoptosis in a short period of time [3] [4] 32] . Compared with barley, S. matsudana had obvious resistance to heavy metal Cd stress. In this experiment, the distribution of red fluorescence was gradually expanded in highly concentrated Cd-treated S. matsudana roots for 6 h, and the red fluorescence intensity reached the maximum level until 24 h of Cd treatment. In low concentration Cd solution, the whole root of S. matsudana just emitted red fluorescence for nearly 24 h of treatment, and the red fluorescence intensity was far lower than the fluorescence intensity induced by highconcentration Cd treatment. Thus, the resistance of S. matsudana to heavy metal Cd was stronger than that of other herbaceous Poaceae plants, and S. matsudana could reduce cell damage and apoptosis caused by heavy metal Cd stress. There was intense red flurosence intensity in the apical meristem of 50 and 100 μmol/L Cd-treated root tips for 24 h (Figs 2F2, F3) suggesting that meristem cells were severely affected by the high concentration of Cd. In order to further understand the mechanisms of Cd-induced cell toxicity, the effects of Cd on the microtubule organization in meristem cells of S. matsudana using tubulin immunolabeling and fluorescence microscopy was further investigated.
The cytoskeleton was comprised of the MT array, actin filaments, actin microfilaments, intermediate filaments, etc. [32] . MTs were composed of α-β tubulin heterodimers, which assemble in tandem to form the protofilaments of the tube. In the normal differentiated cells, the MT cytoskeleton was very dynamic, and its depolymerization and polymerization were easily affected by environmental factors. The MT cytoskeleton might play an integral role in the signaling events, constantly involved in cell division, cell proliferation, cell differentiation, and cell motility, that enable plants to adapt to stress conditions [33] . Jiang et al. [3] found that MTs of Allium cepa root meristem cells under heavy metal Pb stress changed significantly with increasing Pb concentrations and prolonged treatment times, cortical MT appeared depolymerization, adhesion, compaction, and mitotic spindle arrangement appeared disorder, even leading to chromosome abnormal separation, seriously influencing the cell cycle. Zhang et al. [7] studied the effect of aluminium (Al) on masson pine root meristem cell MTs, which was consistent with the research results before [34] . Heavy metals could lead to significant changes in the cytoskeleton, hindering normal cell differentiation and proliferation. The possible mechanism of Cd on plants were associated with the increased concentrations of calcium ion, inositol triphosphate, protein kinase C, and Cyclic Adenosine monophosphate (cAMP), and the composition and function of MTs were closely related to the balance of intracellular calcium ion or calmodulin activity [33] . Due to the ionic radius of Cd and calcium ions being similar, Cd combined with some special sites quickly when it went into the cytoplasm, adjusting the concentration of calcium ions in the cytosol and thereby affecting the function of the calcium ion pump on plasma membrane, even hindering the signal transduction of calmodulin and furtherly causing cytoskeletal microtubule depolymerization [35] .
Cortical MTs of normal meristematic cells were very abundant during interphase. The data presented in this investigation showed that Cd disturbed the organization and function of MTs. The increased MT disorder and MT fragments were obvious characteristics at low Cd concentrations (10 μmol/L), whereas at high concentrations (100 μmol/L) the interphase microtubular network was completely depolymerized, suggesting that MTs were a subcellular target of Cd. A similar phenomenon was observed in that the MTs were disintegrated into short fragments or they completely disappeared in interphase cells of Allium sativum exposed to Pb and Cu [3, 32] . Data from the present investigation indicated that S. matsudana was less sensitive than barley, and A. sativum and other crop plants to Cd stress in MTs arrays of meristematic cells.
During mitosis, Cd disrupted the mitotic spindle and induced chromosomal aberrations. MTs in the mitotic phase were more sensitive than that in interphase, which increased the probability of chromosome aberration, destroyed the normal cell cycle, and increased the number of dead cells. With increased Cd concentrations, the increase of chromosome stickiness and formation of the sticky spindle fibers were closely correlated with the DNA damage since they supplemented each other in recognizing the cell cycle stages. Chromosome stickiness was considered to be a chromatid-type aberration and was attributed to the effect of environmental pollutants on degredation or depolymerization of chromosomal DNA, on DNA condensation, and on entanglement of intertions between chromosomes [3] . The chromosome aberration might be the effect of Cd on DNA and RNA synthesis [7] . It was well known that MTs play key roles in both nuclear division and mitosis in plants. Cd directly or indirectly affected the dynamic condition of MTs, mainly by disturbing MT assembly/disassembly in dividing root tip cells of Salix [3, 32, 36] . Therefore, we speculated that Cd may interact with tubulin and hinder the polymerization process, resulting in defective mitotic spindles.
The similarity of nucleic acid sequences among the eight members of the TUA gene family in S. matsudana reached 73.8-94.1%. The amino acid sequence length of TUA protein was predicted to be 449-451 bp. There were highly similar amino acid sequences of the TUA family between S. matsudana and other plants, especially with Chosenia arbutifolia (Pall.) A. Skv., Salix Suchowensis W.C. Cheng ex G. Zhu, and Populus trichocarpa [30, 37] . Sui et al. [30] also proved that the relative expression level of SmTUA1 was far higher than for other members, so SmTUA1 was selected for studying the expression level in this investigation. The expression level of SmTUA1 in S. matsudana analyzed by qRT-PCR technology was shown in Fig. 7 . High concentrations of Cd (50 and 100 µmol/L) lead to low expressions of SmTUA1, which further proved that the MTs were sensitive to environmental heavy metal stress, which were consistent with the above results by indirect immunofluorescence staining as shown in Figs 5-6.
Conclusions
Based on the information provided in this article, it is concluded that: Cd induced cell damage after 3 h of 10 µmol/L Cd exposure. This toxic effect increased with increasing Cd concentration and prolonged treatment. The MT arrays were very sensitive to Cd, and their sensitivity depends on the Cd concentration and the duration of treatment. Increased MT disorder and fragments of the interphase microtubular network were obvious characteristics, suggesting that MTs were one of subcellular targets of Cd. MTs in the mitotic phase were more sensitive to Cd than those in interphase. Cd disrupted the mitotic spindle, closely correlated with chromosome aberrations. High concentrations of Cd (50 and 100 µmol/L) led to low expressions of SmTUA1, which further proved that MTs were sensitive to environmental heavy metal stress.
